Pyriculol was isolated from the rice blast fungus Magnaporthe oryzae and found to induce lesion formation on rice leaves. These findings suggest that it could be involved in virulence. The gene MoPKS19 was identified to encode a polyketide synthase essential for the production of the polyketide pyriculol in the rice blast fungus M. oryzae. The transcript abundance of MoPKS19 correlates with the biosynthesis rate of pyriculol in a time-dependent manner. Furthermore, gene inactivation of MoPKS19 resulted in a mutant unable to produce pyriculol, pyriculariol and their dihydro derivatives. Inactivation of a putative oxidase-encoding gene MoC19OXR1, which was found to be located in the genome close to MoPKS19, resulted in a mutant exclusively producing dihydropyriculol and dihydropyriculariol. By contrast, overexpression of MoC19OXR1 resulted in a mutant strain only producing pyriculol. The MoPKS19 cluster, furthermore, comprises two transcription factors MoC19TRF1 and MoC19TRF2, which were both found individually to act as negative regulators repressing gene expression of MoPKS19. Additionally, extracts of DMopks19 and DMoC19oxr1 made from axenic cultures failed to induce lesions on rice leaves compared to extracts of the wild-type strain. Consequently, pyriculol and its isomer pyriculariol appear to be the only lesioninducing secondary metabolites produced by M. oryzae wild-type (MoWT) under these culture conditions. Interestingly, the mutants unable to produce pyriculol and pyriculariol were as pathogenic as MoWT, demonstrating that pyriculol is not required for infection.
INTRODUCTION
Fungal secondary metabolites play crucial roles in plantpathogen interactions and it appears to be of particular interest to elucidate their function in respect of the biological activity and the organization of their biosynthetic pathways. Fungal pathogens, especially hemibiotrophic specimens, initially establish a biotrophic relationship with their host and and are supposed to produce toxic secondary metabolites mostly during late infection [1] . Magnaporthe oryzae causes rice blast disease and is one of the most significant plant pathogens worldwide [2] . This filamentous ascomycete has been studied intensively and has become an excellent model organism for studying the molecular mechanisms of plant-pathogen interaction. In contrast to infection-related morphogenesis ex planta [3, 4] , which has been investigated intensively, little is known about invasive growth, metabolic adjustments and microbe-host interaction during the colonization in planta. One of the fungal secondary metabolites studied most intensively is the polyketide dihydroxynaphthalene (DHN) melanin. Melanin is a dark brown pigment accumulating in fungal cell walls, thereby protecting the mycelium and conidia against desiccation, reactive oxygen species and UV light [5] . DHN melanin was found to be essential in M. oryzae for appressorium function and, thereby, for pathogenic development. DHN-melanin is required for the generation of an enormous turgor within the appressorium needed for host penetration [6] . The biosynthetic pathway of DHN was investigated by using melanin-deficient mutant strains, and the main biosynthetic intermediates were uncovered [5] . Further secondary metabolites involved in the virulence of the rice blast fungus were believed to be produced by the polyketide synthase [PKS-nonribosomal peptide synthase (NRPS)] MoAce1p. The gene MoACE1 encodes an intracellular hybrid protein which was found to be involved in effects concerning the rice resistance gene Pi33 [7, 8] .
Species of the rice blast fungus were found to produce a variety of phytotoxic secondary metabolites dependent on the way it was cultivated in vitro. For example, Magnaporthe grisea was found to produce a species-specific metabolite, pyrichalasin [9, 10] . The virulence of the Digitariapathogenic M. grisea strains putatively correlates with the quantity of pyrichalasin H because toxin-free mutants were non-pathogenic -but a comprehensive characterization of these mutants has not been not conducted to date [11] . Additional studies have identified other metabolites produced by Magnaporthe strains, i.e. tenuazonic acid and Magtoxin [10, [12] [13] [14] . Tenuazonic acid is a mycotoxin synthesized by various plant pathogenic fungi. The biosynthesis was hypothesized in M. oryzaefrom isoleucine and acetoacetyl-CoA by TeA synthetase 1 (TAS1) [14] . Furthermore, metabolome studies resulted in varieties of metabolites, i.e. siderophores found to be essential for host invasion. One of them is ferricrocin which was suggested to play a role in pathogenicity since mutants unable to produce ferricrocin were reduced in virulence [15] . Furthermore, it was hypothesized that the loss of an Abc3 pump leads to excessive accumulation of its physiological substrate, a digoxin-like endogenous steroidal glycoside, to likely inhibitory levels resulting in appressorial dysfunction [16] . The many common patterns of metabolomic re-programming during in planta growth was described in pre-symptomatic tissues, proliferation and hyphal growth of M. oryzae, indicating that that fungal pathogens deploy a common metabolic reprogramming strategy in diverse host species to suppress plant defence and colonize plant tissue. Metabolization of monosaccharides into mannitol and glycerol for carbon sequestration and osmolyte production was suggested to drive hyphal growth in planta [17] . Furthermore, a series of salicylaldehyde-type phytotoxins, such as pyriculol and pyriculariol, were found and putative biosynthetic intermediates of these compounds were synthesized to elucidate the biosynthesis [18] . However, no further studies have been published to date concerning the M. oryzae PKS gene cluster with respect to the biosynthesis of pyriculol and pyriculariol. We identified the PKS19 gene cluster within this study and present the four genes MoPKS19, MoC19OXR1, MoC19TRF1 and MoC19TRF2 contributing to the regulation of the biosynthesis of pyriculol and pyriculariol. Furthermore, both compounds were found to be dispensable for pathogenicity in the rice blast fungus, since mutants unable to synthesize the heptaketides were found to be as virulent as the wild-type strain.
METHODS
Strains, culture/growth conditions and oligonucleotides All mutants described in this study were generated from M. oryzae (M. oryzae 70-15 strain: MoWT, Fungal Genetics Stock Centre, Kansas City, USA). The strains were grown at 26 C on complete medium (CM) [19] . All oligonucleotides used in this study are listed in DNA manipulation/construction of gene deletion/ expression vectors The DNA of MoWT was isolated from mycelia of 3-day-old liquid cultures (grown in CM at 26 C and 120 r.p.m.) using a DNeasy Plant Mini kit (QIAGEN) following the manufacturer's instructions for purification of DNA from plants and filamentous fungi. Standard procedures were carried out for DNA manipulation [20] .
Fungal transformations were conducted using Agrobacterium tumefaciens-mediated transformation, as described in previous studies [21, 22] . Mutant strains were generated using hygromycin resistance to interrupt and respectively replace parts of the coding sequences of the target genes. By contrast, the complementation of mutant strains was conducted using the ILV gene mediating resistance to chlorimuron ethyl [23] . See supplementary material S1 for detailed information on the deletion/expression strategies.
Phylogenetic tree of MoPks19p and sequence analysis Phylogenetic analysis was carried by using the program MEGA 5.2 [24] . Sequence alignments were performed using CLUSTALW [25] . BLOSUM was used as 'cost matrix' with 'gap open cost': 10 and 'gap extend cost': 0.1. Phylograms were made using the neighbour-joining algorithm with the JonesTaylor-Thornton model [26] . The bootstrapping analysis involved 200 replicates. In order to visualize the data, the Geneious 6.1.7 software was applied.
RNA isolation, cDNA amplification and quantitative real-time PCR analysis
The RNA of the MoWT and the mutants was isolated using an RNeasy Plant Mini kit (QIAGEN) following the manufacturer's instructions for purification of total RNA from plants and filamentous fungi. The cDNA amplification and quantitative real-time PCR (qPCR) were performed using the iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad Laboratories) following the manufacturer's instructions. We used the constitutive expressed fungal elongation factor EF-1 alpha (MGG_03641) genes and actin (MGG_03982) as reference (housekeeping) genes for the relative quantification of the expression ratio. Calculations were based on the relative quantification calculation method of Pfaffl [27] .
Fermentation and growth conditions for secondary metabolism and quantitative real-time PCR analysis Three agar blocks of 10 mm diameter from 11-day-old M. oryzae cultures were aseptically transferred as inoculum to 200 ml liquid CM in 500 ml glass flasks with one baffle. These cultures were grown for 72 h at 26 C and 120 r.p.m. The mycelium was washed with sterile water and was transferred to different liquid starvation media, and the fermentation was then continued at 26 C and 120 r.p.m. in an orbital shaker. The media used in this study were minimal medium (MM) [19] and rice-extract medium (REM; 10 g rice leaves of 28-day-old rice cultivar CO39 were shredded and added to 1 l MM before sterilization).
Preparation of crude extracts from M. oryzae cultures The mycelium was separated from the culture fluid by filtration. The culture fluid was extracted twice with ethyl acetate and equal amounts of the crude extracts obtained were then dried with Na 2 SO 4 . After evaporation of the organic solvent in vacuo at 40 C to dryness, the residue was dissolved in methanol to give 10 mg ml
À1
. The mycelium was extracted for 60 min with a methanol/acetone mixture (1 : 1, v/v). The crude extract was filtered and evaporated in vacuo at 40 C to dryness and dissolved in methanol to give 10 mg ml À1 .
Isolation of the pyriculol derivatives from cultures of M. oryzae A fermenter (20 l; B. Braun) with MM was inoculated with a 5-day-old M. oryzae 70-15 (MoWT) fluid culture (500 ml CM in a 1 l glass flask with one baffle). The culture conditions were as follows: 3 l air min
; 28 C; 120 r.p.m. Fermentation was stopped when pyriculol was produced in good yields (traced by HPLC). The culture fluid was separated from the mycelium by filtration and extracted with ethyl acetate (1 : 1, v/v) to yield 280 mg crude extract. Solidphase extraction (Chromabond C 18 ]. The following pyriculol derivatives were isolated: dihydropyriculariol (1.5 mg; retention time, 26.5 min), dihydropyriculol (3.4 mg; retention time, 27-27.5 min) and pyriculariol (7.3 mg; retention time, 48.5-49 min).
HPLC/MS method for analysis of secondary metabolites from M. oryzae Crude extracts were analysed by means of HPLC (Agilent 1100 Series) equipped with a LiChrospher RP 18 (3Â125 mm; 5 µm, Merck) and a diode array detector. In order to analyse the extracts, the temperature of the column was set to 40 C and a flow rate of 1 ml min À1 was used with an elution gradient composed of H 2 O and acetonitrile.
The molecular weight of the peaks selected was determined using an HPLC/MS (Agilent 1260 Series LC and 6130 Series Quadrupole MS System). The mass spectra were recorded using atmospheric pressure chemical ionization with positive and negative polarization. A Superspher RP 18 (125Â2 mm; 4 µm, Merck) column was used at 40 C. For every run, 1 µl of a sample at a concentration of 1 mg ml À1 was injected. The elution was performed with a gradient of H 2 O and acetonitrile, and a flow rate of 0.45 ml min
. Phytotoxicity assay with rice and plant infections/ pathogenicity assays with rice The phytotoxicity assays were carried out using leaf segments of 21-day-old plants of dwarf indica rice cultivar CO39. Plants were cultivated using a daily cycle of 16 h light followed by 8 h darkness [28 C, 90 % (v/v) relative humidity]. Leaves were fixed on water agar and the extracts were applied in 10 µl droplets of H 2 O containing 0.2 % (w/v) gelatin to a final amount of 10 µg of each extract. Pure compounds were applied in 10 µl droplets with an additional control of the solvent used. The results were documented by photography 5 days post-application. The plant infection assays were carried out as described previously [19] .
Identification of pyriculol, pyriculariol, dihydropyriculol and dihydropyriculariol

RESULTS
Secondary metabolites produced by M. oryzae strain 70-15 in axenic cultures
In order to investigate the secondary metabolism of M. oryzae 70-15 (MoWT), the fungal strain was grown under different culture conditions that affect secondary metabolite production. Crude extracts of the submerged cultures were analysed by HPLC/MS to identify secondary metabolites produced by the rice blast fungus. Levels of four polyketides were found to be boosted in axenic cultures in MM (synthetic medium) and in REM (rice leaf extract based medium). The respective metabolites produced under these conditions were identified as the heptaketides pyriculol [2- (Fig. 1) . The same compounds were found in the corresponding extracts of mycelia, but only in very low quantities. The highest total yield of secondary metabolites was observed in extracts of cultures grown in MM, and the best pyriculol production in REM (data not shown).
Pyriculol is a heptaketide consisting of seven C 2 groups, wherein of the seven C 2 groups within the native polyketo compound, only one aldehyde group remains in the C 1 position (Fig. 1) . The hydroxyl group at the C 11 position of pyriculol can be obtained via a single reduction step and further reductions on the C 5 , C 7 , C 9 and C 13 positions may lead to the double bonds within the molecule. Furthermore, the C 10 position of pyriculol contains a third hydroxyl moiety. Since pyriculol and its derivatives should be produced by a PKS, we searched for genes encoding such proteins in the M. oryzae genome. Several reduced moieties (-OH/-H) within the structure of pyriculol indicate that reductase and dehydratase domains are essential, whereas methyltransferase activity is apparently not required for the biosynthesis of heptaketides.
Sequence analysis and identification of polyketide synthase-related genes in M. oryzae Sequence analysis and comparison of the predicted protein sequences of putative PKS-encoding genes revealed a set of 20 relevant ORFs within the M. oryzae genome (Table S2) . Selected genes were found to contain the four PKS-characteristic protein domains [PF00109 (KS-N, N-terminal b-ketoacyl synthase), PF02801 (KS-C, C-terminal b-ketoacyl synthase), PF00698 (AT, acyltransferase) and PF00550 (PP, phosphopanthetin-binding sequence)]. In addition, the resulting sequences contained further significant domains: PF14765 (DH, dehydratase), PF08659 (KR, ketoreductase), PF08242 (MT, methyltransferase), PF08240/PF00107 (ADH/ADHZ, alcohol dehydrogenases) and PF00975 (TE, thioesterase). Furthermore, we also identified a set of 18 putative NRPS and PKS-NRPS hybrids (Table S3 ). These ORFs were found to contain additional NRPS-characteristic protein domains (PF00501: AMP, AMP-binding enzyme and PF00668: CD, condensation domain).
Transcript level of MoPKS19 correlates with the biosynthesis rate of pyriculol/pyriculariol The PKS-encoding genes MoPKS4, MoPKS12-MoPKS17, MoPKS19 and MoPKS22 were assumed to be the most promising candidates for initial analysis. Their predicted protein sequences contain essential KR and DH domains, whereas MT domains were not found. The transcript abundance of MoPKS19 was the most significantly affected in the experiments. MoPKS19 transcript was increased by fivefold in REM compared to CM at 4 h after transfer to REM (Fig. 2) . This increase in MoPKS19 expression is correlated with the production of pyriculol. Expression of other PKSs was either repressed in REM compared to CM (MoPKS4, MoPKS12, MoPKS14, MoPKS16, MoPKS17 and MoPKS22) or not upregulated (MoPKS13 and MoPKS15). REM was selected for a time course experiment to investigate the MoPKS19 transcript abundance in comparison to the pyriculol/pyriculariol production rate. The relative transcript abundance of MoPKS19 increased in a time-dependent manner, similar to increasing amounts of pyriculol in corresponding extracts of the culture filtrate samples (Fig. 3) . The maximal pyriculol concentration and the highest MoPKS19 transcript abundance were observed 8 h after transfer from CM to REM. Overall, the expression pattern of MoPKS19 in REM was found to correlate with the kinetics of pyriculol production. Additionally, the MoPKS19 transcript abundance was analysed in planta during rice infection. The MoPKS19 transcript was found to be increased during invasive growth (Fig. S1 ).
Analysis of MoPKS19 and identification of MoPKS19-clustered genes
The gene sequence, including the flanking areas, was analysed by genome analysis in order to get more detailed information concerning MoPKS19. Therefore, sequence analysis of MoPKS19 was conducted by means of the InterProScan database and conserved domains are presented in a scheme of the protein sequence (Fig. 4b, Table 1 ). In addition, phylogenetic analysis of amino acid sequences of MoPks19 was conducted and is provided in Fig. S2 .
Since multiple genes may participate in one biosynthetic gene cluster close together in filamentous fungi, we also analysed the genes neighbouring MoPKS19. A total of 30 ORFs next to MoPKS19 were examined and their putative function with respect to secondary metabolism and the biosynthesis of pyriculol was assessed (Table 1, Fig. 4a ).
It was suggested that oxidation steps or reduction steps of the heptaketides are required in order to obtain the oxidized forms pyriculol and pyriculariol, respectively the reduced compounds dihydropyriculol and dihydropyriculariol (Fig. 1) . In addition to the coding sequence of the MoPKS19 gene, two genes were identified containing conserved domains for FAD_binding (PF01565). This domain has been found to be characteristic for oxidase activity [28] . The two genes were named MoC19OXR1 and MoC19OXR2 (Table 1) . Furthermore, three genes probably encoding reductases were located close to the MoPKS19 gene. The three ORFs possess sequences coding for short-chain dehydrogenase/reductase domains (PF00106/PF13561; Table 1 ). Due to the putative role of the corresponding proteins as reductases, the encoding genes were named MoC19RED1, MoC19RED2 and MoC19RED3. Since the transcriptional activation of the genes is likely to be needed for regulation of the MoPKS19 gene, two ORFs including sequences for a homeobox domain (PF00046) and a fungal-specific transcription domain (PF04082) were analysed in detail. The genes were named MoC19TRF1 and MoC19TRF2 (Table 1) . Gene clusters often comprise genes coding for transporters in order to export secondary metabolites. Two genes with adequate domains were identified as MoC19ABC7 and MoC19MFS1. MoABC7 has already been published in a comprehensive study of ABC transporters in M. oryzae, where its function was not linked to secondary metabolism [29] . Function and position of genes identified near MoPKS19 suggest the presence of a putative cluster of secondary metabolite genes (Fig. 4a) . Further studies (coexpression, deletion mutants) are needed to demonstrate the role of this putative secondary metabolite cluster in pyriculol biosynthesis.
Inactivation of MoPKS19 resulted in mutants deficient in heptaketide production
In order to prove that the gene product is the key enzyme in pyriculol biosynthesis, the MoPKS19 gene was inactivated, resulting in the mutant strain DMopks19. The HPLC chromatogram of the culture filtrate extract from MoWT in comparison to extracts of the 'loss of function' mutant DMopks19 and the complemented strain DMopks19/ MoPKS19 showed complete absence of the heptaketides in extracts of DMopks19. Neither pyriculol nor pyriculariol nor the dihydro derivatives were detected in extracts of DMopks19, whereas reintegration of the intact gene MoPKS19 into the genome of DMopks19 rescued the phenotype in terms of the heptaketide biosynthesis (Fig. 5a) . Thus, the secondary metabolite analysis revealed that the mutant strain DMopks19 was unable to produce pyriculol and pyriculariol, further underlining the essential role of MoPKS19 in the biosynthesis.
Since two putative oxidase-encoding genes (MoC19OXR1 and MoC19OXR2) and three reductase-encoding genes (MoC19RED1, MoC19RED2 and MoC19RED3) were identified within the putative MoPKS19 gene cluster ( function andoverexpression mutants of the MoC19OXR1 gene, could be generated. The analysis of the HPLC chromatograms of extracts frosm DMoC19oxr1 and MoEF1 :: C19OXR1 validated the putative function in pyriculol biosynthesis because the reduced dihydro compounds were detectable exclusively in the extracts of the inactivation mutant DMoC19oxr1, whereas the oxidized forms were found exclusively in the extracts of the overexpression mutant MoEF1 :: C19OXR1 (Fig. 5a ). Reintegration of the intact gene MoC19OXR1 into the genome of DMoC19oxr1 restored the phenotype of MoWT (data not shown). As a conclusion, MoC19Oxr1p appears to be responsible for conversion of dihydropyriculol and dihydropyriculariol into pyriculol and pyriculariol, respectively.
Regulators of pyriculol biosynthesis within the putative PKS19 gene cluster Since we were not able to inactivate the genes MoC19RED1, MoC19RED2, MoC19RED3 and MoC19OXR2, it was impossible to assess the function of these genes in secondary metabolite production. We conducted quantitative PCR analysis of these oxidase/reductase genes identified within the putative MoPKS19 gene cluster to identify enzymes responsible for the reduction of pyriculol and pyriculariol (Fig. 6a) . Transcript abundance of the selected genes MoC19RED1, MoC19RED2, MoC19RED3, MoC19OXR1 and MoC19OXR2 during the growth in axenic culture in REM was found to be upregulated relative to the growth in CM (Fig. 6a) . Furthermore, we checked the transcript abundance of the selected genes relative to elongation factor EF-1 alpha, which is known to have stable and high transcript levels. Solely MoRED3 transcript abundance was found to be even higher than MoEF1 abundance in CM, MM and REM (Fig. S3) . All other genes showed lower transcript levels compared to MoEF1.
The regulation dynamics within the putative PKS19 gene cluster and the contribution of the two transcription factors MoC19TRF1 (MGG_04843) and MoC19TRF2 (MGG_04853) to pyriculol production were also investigated. Therefore, the transcript abundance of the MoPKS19 gene was determined in the inactivation mutants DMoC19TRF1 and DMoC19TRF2 and in the expression mutants MoEF1 :: C19TRF1 and MoEF1 :: C19TRF2. Naturally, we initially checked the transcription of the target genes MoC19TRF1 and MoC19TRF2 in the generated mutant strains and found complete transcript absence in DMoC19TRF1 and DMoC19TRF2 whereas we observed a strong increase of transcript abundance in the overexpression strains (data not shown). The relative transcript level of MoPKS19 was found to be increased in the inactivation mutants, either in high pyriculol producing or in low producing conditions (Figs 6b and S1 ). By contrast, transcript abundance of MoPKS19 was found to be constant, at the mostslightly decreased in the overexpression mutants compared to MoWT (Figs 6b and S1 ). These results suggest that these two transcription factors act as negative regulators of MoPKS19.
Pyriculol and pyriculariol appear to induce lesion formation upon application on rice leaves but are dispensable for pathogenicity of M. oryzae 70-15
The crude extract of MoWT containing the heptaketides induced lesion or 'green isle' formation on host plant leaves, whereas no disease symptoms were observed after exposure of leaf segments to extracts of DMopks19 and DMoC19oxr1 containing no pyriculol, oronly the reduced dihydro derivatives (Fig. 5a ). Pyriculol and pyriculariol appear to be essential for lesion-inducing effects on rice plants, while the dihydro derivatives appear to be inactive in that respect. Furthermore, qRT-PCR results showed a slightly increase of MoPKS19 transcript abundance in planta during infection (Fig. S1 ). Complementation experiments with reintegration of the intact gene MoPKS19 into the genome of DMopks19 and MoC19OXR1 into the genome of DMoC19oxr1 rescued the phenotype in terms of phytotoxicity and the results were comparable to wild-type extracts. The assays were conducted with the pure compounds isolated from the extracts of M. oryzae cultures in order to provide evidence for pyriculol and pyriculariol being responsible for the phytotoxic effects. Pyriculol and pyriculariol induced the 'green isles', whereas the dihydro compounds were not found to be phytotoxic (Fig. 5b) . Furthermore, the same assays were carried out on leaf segments of wheat and barley and revealed comparable results (data not shown).
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Rice plants were infected with conidia of MoWT and the mutant strains DMopks19, DMoC19oxr1, MoEF1 :: C19OXR1, DMoC19TRF1, DMoC19TRF2, MoEF1 :: C19TRF1 and MoEF1 :: C19TRF2 in order to further assess whether pyriculol or pyriculariol is of relevance for pathogenicity or virulence in the rice blast fungus. The numbers of lesions found on plants treated with conidia of the MoWT and the respective mutant strains were equal (Fig. S4) . Thus, loss of pyriculol biosynthesis did not affect the pathogenicity in M. oryzae.
DISCUSSION
Toxins produced by the pathogen were found to be important virulence factors in many fungal plant diseases [30] . The secondary metabolite spectrum of the hemibiotrophic fungus MoWT includes among others the polyketide pyriculol, its isomer pyriculariol and reduced dihydro derivatives of both compounds (Fig. 1) . Further secondary metabolites previously described to be produced by the rice blast fungus, for example, pyrichalasin H [31] , pyriculol [32] or tenuazonic acid [12] [13] [14] , were not found in this study. Based on considerations concerning the chemical structure of pyriculol, we searched for PKS-encoding genes in the genome of M. oryzae. The pyriculol molecule contains several hydroxyl moieties and double bonds, so it can be assumed that reduction steps occurred during biosynthesis. This reaction could be executed by a PKS itself or partly by tailoring enzymes [33] . The variety of PKS-related genes was, consequently, restricted to genes containing a conserved ketoreductase domain (PF08659). Moreover, pyriculol is composed of a linear polyketide chain of seven C 2 units without any branch. Subsequent methylation could not been hypothesized since the biosynthetic process of polyketide methylation followed by demethylation has never been observed in fungi [34] and, subsequently, the number of candidate genes involved in pyriculol biosynthesis was further reduced to those without a methyltransferase domain (PF08242). The qRT-PCR analysis of the remaining nine putative PKSencoding genes resulted in a high transcript abundance of MoPKS19 (Fig. 2) . The detailed sequence analysis of MoPKS19 resulted in significantly conserved protein domains (Fig. 4b) . With these conserved domains, MoPks19p should be able to synthesize a polyketide such as pyriculol and implement the two reduction steps to the double bonds. Nine genes likely involved in secondary metabolism were identified near MoPKS19 (Fig. 4a) . Three reductases, two oxidases, two putative transcription factors and two membrane transporters were located close to MoPKS19 in the genome (Table 1 ; Fig. 4a ). We identified that MoPKS19 is involved in pyriculol synthesis and MoC19OXR1, as an oxidase gene, is involved in the biosynthetic pathway. The two transcription factors MoC19TRF1 and MoC19TRF2 appear to act as negative regulators of MoPKS19, since the transcript level of MoPKS19 in the loss of function mutants was found to be increased (Fig. 6b) .
There was no need to compare the expression pattern of DMopks19 did not contain heptaketides, the oxidized forms pyriculol/pyriculariol or the reduced dihydro derivatives (Fig. 5a) . qRT-PCR analysis showed a strong correlation of MoPKS19 transcript abundance with pyriculol production (Fig. 3) suggesting the essential role of MoPKS19 in pyriculol/pyriculariol production. Modifications of the heptaketide-like conversions from the oxidized molecules into the reduced dihydro derivatives and vice versa can be accomplished from the remaining enzymes coded in the putative Fig. 4a ). In this context, we identified MoC19OXR1 as essential for pyriculol synthesis, since the mutant strain DMoC19oxr1 was not able to produce the oxidized molecules pyriculol and pyriculariol, but rather the reduced dihydro compounds. By contrast, overexpression of MoC19OXR1 resulted in a mutant strain producing the oxidized molecules pyriculol/pyriculariol exclusively (Fig. 5a ).
Since fungal PKSs are known to use C 2 , C 3 or C 4 starter molecules [35] , and heptaketides, such as rubrofusarin from Fusarium graminearum [36] or naphthopyran and isocoumarin from Aspergillus nidulans [37] , were built from acetyl-CoA and malonyl-CoA, the biosynthetic pathway of pyriculol may proceed in an equivalent manner. The recently proposed biosynthesis process describes pyriculol as the intermediate product and the dihydro derivatives need the pyriculol molecule as a precursor [18] . That hypothesis could be underpinned with the results in our study concerning the correlation of heptaketide synthesis and MoPKS19 gene expression in axenic cultures of M. oryzae. Analysis of pyriculol production kinetics in REM showed that it is formed before its dihydro derivative (Fig. 3) . In addition, we showed that only dihydro derivatives were found in extracts of DMoC19oxr1 (Fig. 5a ). That could be furthermore underpinned with the results of the extremely high transcript levels of MoC19RED3 even in CM and still higher in REM (Figs 6a and S3 ). The pyriculol precursor molecule may be reduced to the dihydro form immediately after production. In contrast to that hypothesis, it was found that neither pyriculol nor pyriculariol but rather the dihydro forms were found in extracts of the mutant strain DMoC19oxr1, whereas pyriculol/pyriculariol could be identified exclusively in extracts of the overexpression mutant MoEF1 :: C19OXR1 (Fig. 5a ). That indicates that the dihydro derivatives may be precursors and, finally, ∆ M o C 1 9 t r f 1 might be oxidized by MoC19Oxr1p to become pyriculol/ pyriculariol. Overexpression of MoC19OXR1 resulted in a mutant strain in which maybe the reductase activity of MoC19Red3p is dominated by the oxidase activity of MoC19Oxr1p. Consequently, only oxidized heptaketides were found (Fig. 5a) . The dihydro derivatives of the heptaketides have been described previously as biologically inactive and not phytotoxic [38] . These findings were confirmed in our study because extracts in which only the dihydro derivatives and the pure dihydro compounds were detected failed to induce lesion formation on rice leaves (Fig. 5a, b) . By contrast, extracts containing pyriculol and pyriculariol induced lesion and 'green isles' formation. Since the extracts of the DMopks19 and DMoC19oxr1 mutant strains failed to induce phytotoxic lesions on rice leaves, the heptaketides can be assumed to be the sole lesion-inducing compound produced by MoWT under the culture conditions applied within the present study. As a consequence, pyriculol and pyriculariol do not appear to be virulence factors in M. oryzae, since the mutant strains DMopks19 and DMoC19oxr1 were found to be as virulent as the MoWT strain, whereas these mutant strains have lost the capacity to make the lesion-inducing constituents (Figs 5a, b and S4). This conclusion gives rise to the question why a pathogen wastes energy to produce a lesion-inducing secondary metabolite if the phytotoxin is not required for disease development? Since we found increased MoPKS19 expression levels in planta during invasive growth (Fig. S1) , it might be possible that pyriculol can be detoxified by the plant in lower concentrations. The concentrations of the heptaketide in the extracts applied in the phytotoxicity assays resulted in phytotoxic effects maybe because of excessive compound concentrations. We have not yet been able to detect either pyriculol or the derivatives in infected rice plants and the mechanisms of induction of pyriculol synthesis are still unknown. However, the results obtained in this study concerning the molecular basis and the dynamics of regulation of the putative MoPKS19 gene cluster give insights into the biosynthesis of the phytotoxic secondary metabolites pyriculol and pyriculariol. The identification of the genes MoPKS19, MoC19OXR1, MoC19TRF1 and MoC19TRF2 and their contribution to heptaketide production are reported for the first time to our knowledge and will promote further investigations concerning secondary metabolism in the rice blast fungus.
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